Charybdotoxin (ChTX), a protein present in the venom of the scorpion Leiurus quinquestriatus var. hebraeus, has been purified to homogeneity by a combination of ion-exchange and reversed-phase chromatography. Polyacrylamide gel electrophoresis, amino acid analysis, and complete amino acid sequence determination of the pure protein reveal that it consists of a single polypeptide chain of 4.3 kDa. Purified ChTX is a potent and selective inhibitor of the -220-pS Ca21 -activated K+ channel present in GH3 anterior pituitary cells and primary bovine aortic smooth muscle cells. The toxin reversibly blocks channel activity by interacting at the external pore of the channel protein with an apparentKd of 2.1 nM. The primary structure of ChTX is similar to a number of neurotoxins of diverse origin, which suggests that ChTX is a member of a superfamily of proteins that modify ion-channel activities. On the basis of this similarity, the three-dimensional structure of ChTX has been modeled from the known crystal structure of a-bungarotoxin. These studies indicate that ChTX is useful as a probe of Ca2+-activated K+ -channel function and suggest that the proposed tertiary structure of ChTX may provide insight into the mechanism of channel block.
Ca21 -activated K+ channel present in GH3 anterior pituitary cells and primary bovine aortic smooth muscle cells. The toxin reversibly blocks channel activity by interacting at the external pore of the channel protein with an apparentKd of 2.1 nM. The primary structure of ChTX is similar to a number of neurotoxins of diverse origin, which suggests that ChTX is a member of a superfamily of proteins that modify ion-channel activities. On the basis of this similarity, the three-dimensional structure of ChTX has been modeled from the known crystal structure of a-bungarotoxin. These studies indicate that ChTX is useful as a probe of Ca2+-activated K+ -channel function and suggest that the proposed tertiary structure of ChTX may provide insight into the mechanism of channel block.
High-conductance Ca2+-activated K+ channels have been described in a variety of electrically excitable and nonexcitable cells (1) . These channels provide a pathway by which cell repolarization can occur after membrane depolarization, and consequently they have been implicated in the regulation of neuroendocrine secretion, in the control of muscle contractility, and in a number of other cellular processes. However, to assess the physiological role of Ca2 + -activated K+ channels and attempt their purification, potent specific inhibitors of these channels are required.
The venom of the scorpion Leiurus quinquestriatus var. hebraeus is known to inhibit a number ofdifferent K + -channel pathways (2, 3) . A minor component of the crude venom, termed charybdotoxin (ChTX), was discovered to block reversibly a large-conductance (-200 pS) Ca2"-activated K+ channel from rat skeletal muscle plasma membrane vesicles that had been reconstituted into planar lipid bilayers (4) . Subsequently, ChTX was also found to inhibit low-conductance (=35 pS) Ca2"-activated K+ channels in neurons from Aplysia californica, but not block Na+, Ca2+, transient K+, or delayed rectifying K + channels in this preparation (5) .
The properties ofChTX have been preliminarily characterized (6) . The toxin was reported to be a protein with an apparent molecular mass of 10 kDa and to inhibit Ca2+-activated K + -channel function with a Kd of 3.5 nM. The same work also reports the amino acid composition of the protein and identification of the N-terminal amino acid. However, some discrepancies were noted in the determination of the molecular mass of ChTX based on amino acid composition and electrophoretic mobility of the protein, which could be explained by inhomogeneity of the preparation.
The present study describes the purification of ChTX to homogeneity, the biological activity ofthe pure toxin, and the chemical characterization of this peptide in terms of amino acid composition and sequence. The primary structure uniquely identifies this molecule and reveals its similarity to other toxins of species as phylogenetically distant as snakes and marine worms. Based on these similarities, a tertiary structural model of ChTX has been generated from the published (7) x-ray coordinates of a-bungarotoxin deposited in the Brookhaven Protein Data Bank (8) . At present, ChTX is the only agent that has been identified to cause potent selective block ofapamin-insensitive Ca2 + -activated K + channels, and hence it should be useful as a probe for studying the properties of these channels. A preliminary report of these findings has been made in abstract form (9) .
MATERIALS AND METHODS
Materials. Lyophilized venom of the scorpion Leiurus quinquestriatus var. hebraeus was obtained from Latoxan Scorpion Farm (Rosans, France). GH3 cells were purchased from the American Type Culture Collection, while primary cultures of bovine aortic smooth muscle were obtained as described (10) .
Electrophysiological Analysis. Both GH3 and aortic smooth muscle cells were grown as described (11) and cultured for 2-4 days on 25-mm glass coverslips before use in electrophysiological experiments. Single Ca2l -activated K +-channel currents were monitored in outside-out excised membrane patches by conventional patch-clamp procedures (12) . The samples to be assayed were added directly to an experimental chamber in which the microelectrode containing the excised patch was suspended.
Purification of ChTX. Lyophilized scorpion venom (480 mg) was gently homogenized in 20 mM sodium borate (pH 9.0), clarified by centrifugation at 27,000 x g for 15 ITo whom reprint requests should be addressed.
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Ultrapore RPSC reversed-phase column (Beckman) equilibrated with 10 mM trifluoroacetic acid, and eluted at a flow rate of 0.5 ml/min with a 0-20% linear gradient of isopropanol/acetonitrile (2:1) over 30 min. Fractions to be assayed from this chromatography were made either 350 mM in NaCl or 0.5% in bovine serum albumin, lyophilized, and later reconstituted to their original volume with 20 mM sodium borate (pH 9.0).
Polyacrylamide Gel Electrophoresis. Samples were heated (1000C, 2 min) with or without dithiothreitol (100 mM) in 3% NaDodSO4/63 mM Tris*HCl, pH 6.2. Gels (1.6 mm thick) of a continuous concentration (25.7% polyacrylamide; acrylamide/bisacrylamide ratio, 37:1) were prepared and run for 24 hr at 3.3 V per cm of gel as described (13) . Gels were fixed as described (14) except that the first two steps were for 2 hr each with hourly changes of solution and the glutaraldehyde treatment was also carried out for 2 hr. Fixed gels were silver stained (15) .
Amino Acid Analysis and Extinction Coefficient Determination. The optical absorbance spectrum of protein samples eluted from the reversed-phase column was digitized in a Hewlett-Packard 8450A UV/VIS spectrophotometer. Aliquots (o10-3 optical absorbance units at 280 nm) were analyzed for their amino acid composition as described (16) and the protein content was correlated with the recorded absorbance.
Amino Acid Sequence Determination. Pure ChTX was alkylated, digested with Staphylococcus aureus V8 protease, and sequenced as described (17, 18) . Endoproteinase Lys-C (Boehringer Mannheim GmbH) digestion was carried out at 370C for 24 hr in 20 mM sodium phosphate (pH 7.6) at a ratio of 55 pFg of ChTX per enzyme unit. Phenylthiohydantoinderivatized amino acids were detected by using an on-line phenylthiohydantoin analyzer (Applied Biosystems, Foster City, CA; model 120A). Pyroglutamate aminopeptidase (Boehringer Mannheim GmbH) digestion was carried out according to described procedures (19) with a molar ratio of enzyme to ChTX of 1:10 and adding all enzyme at the beginning of the reaction.
RESULTS AND DISCUSSION
Protein Purification. The biological activity of ChTX has been ascertained by electrical analysis of single highconductance (=220 pS) Ca2'-activated K+ channels in isolated plasma membrane patches derived from either aortic smooth muscle or GH3 pituitary cells possessing this activity. Measurements have been accomplished by using patchclamp techniques with excised patches of membranes oriented with an outside-facing-out polarity. Inhibition of Ca2"-activated K+ channels by ChTX in these preparations results in an increase in silent periods between bursts of channel activity, as has been described with reconstituted Ca2"-activated K+ channels from skeletal muscle (4, 6) . The appearance of such characteristic behavior was used to follow ChTX activity during purification. The purification protocol that was developed is based on the procedures of Smith et al. (6) . However, the first chromatofocusing step in SP-Sephadex has been replaced with cationic-exchange chromatography in a Mono-S column. In addition, both the organic and the aqueous solvents in the reversed-phase chromatography have been changed. These higher-resolution chromatographic steps have increased considerably the reproducibility and efficiency of the purification procedure. At pH 9.0, 84% of the 280-nm absorbance of the filtered extract is not retained by the column and ChTX activity eluted between 300 and 340 mM NaCl in two consecutive peaks that were collected separately ( column (51 mg). Reversed-phase chromatography of pool A (Fig. LA) resulted in a single major peak, which coelutes with ChTX activity (Fig. 1B) . In the case of pool B, two peaks were separated (data not shown); one with an identical elution time, specific activity, and amino acid composition as the one of Fig. 1B (Fig. 3, legend) . The resulting sequence agrees with the amino acid composition of this peptide except for two missing amino acids, phenylalanine, and glutamic acid or glutamine, suggesting that the blocked amino-terminal residue is pyroglutamine. Equivalent results were obtained with peptide ELC-4, although in this case the HCO treatment was extended to 60 min. A sequence of 37 residues, accounting for all residues of the amino acid composition of ChTX, except one glutamic acid or glutamine, was obtained when the protein was treated with pyroglutaminase. A peptide was generated by digestion with endoproteinase Lys-C, which was shown to be devoid of lysine by amino acid analysis. Given the specificity of this enzyme, this peptide must be derived from the carboxyl-terminal end of the protein. The sequence of this peptide correlates with the last residues identified by sequencing peptide V8-2 and pyroglutaminasetreated ChTX. The carboxyl-terminal sequence was confirmed by digestion of the whole protein with carboxypeptidase A (Fig. 3) . The molecular mass of ChTX, calculated from this sequence, is 4353 Da. Although two potential asparagine glycosylation sequences (Asn-Xaa-Ser/Thr) exist at positions 4 and 22 of ChTX, it is unlikely that this protein is glycosylated since the yield ofasparagine at these positions during sequencing is not less than expected, and there is good agreement in the molecular mass of ChTX as calculated from electrophoretic mobility and amino acid composition.
Amino Acid Sequence Similarity. In a search ofthe National Biomedical Research Foundation protein sequence data bank,11 ChTX appears to be unique. ChTX was also compared with other known peptide inhibitors of K+ channels. A high level of similarity was detected between ChTX and noxiustoxin, a toxin from the venom of the scorpion Centuroides noxius that blocks the delayed rectifier K+ channel of the squid giant axon (20) . The best alignment between ChTX and noxiustoxin (Fig. 4, I ) is of 8.17 SD from random. Interestingly, ChTX displays little similarity with apamin, an inhibitor of a low conductance Ca2+-activated K+ channel (22) , or with dendrotoxin and mast-cell degranulating peptide, both blockers of rapidly inactivating K+ channels (A-type current; ref. 23) .
The ChTX sequence has a remarkably high concentration of basic residues between positions 21 and 28, making this region a potential site of interaction with the Ca2 +-activated K+ channel. Therefore, a search of the National Biomedical Research Foundation data bank was repeated to detect possible homologies with this region. Thirteen neurotoxins belonging to species as distant as scorpions, marine worms, and snakes were listed (Fig. 4, legend) . Of these, the best alignment is between ChTX and neurotoxin P2 of the scorpion Androctonus mauretanicus var. mauretanicus (Fig. 4,  I ), whose mechanism of action is unknown (24) . This alignment is 4.1 SD from random, which corresponds to a 1 in 32,000 chance that the alignment is nonsignificant. Alignment of the 21-28 segment of ChTX with the equivalent region of the marine worm neurotoxins (25) indicated the cysteine residues to be in register between amino acids 10 and 45. This alignment vs. one of the homologous worm sequences at 2.5 SD above random is shown (Fig. 4, II) . The probability is <0.62% that this value reflects zero correlation between the compared sequences. It is noteworthy that the marine worm neurotoxins act by prolonging the repolarization phase of the action potential in crustacean axon (25) , a mechanism consistent with K+-channel block. The list of homologous sequences (Fig. 4, legend) also includes 10 well-characterized snake neurotoxins (26) , which are all members of the long neurotoxin family. The alignments between these neurotoxins and ChTX that score >3 SD from random are shown (Fig. 4, III) . The highest score (3.4 SD from random) corresponds to the alignment between ChTX and abungarotoxin. The probabilities that the obtained scores reflect zero correlation between ChTX and these snake neurotoxins (Fig. 4, III) are between 1.3 x 10-3 and 4 x 10-4. Interestingly, the region of greatest similarity between ChTX and a-bungarotoxin (residues [23] [24] [25] [26] [27] of ChTX) corresponds to a highly conserved region of the long neurotoxins that is critical for the interaction at their receptor (26) .
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The similarity of ChTX with toxins of species as phylogenetically distant as those listed in Fig. 4 is somewhat surprising. Perhaps all these toxins are versions of normal proteins with the nontoxic physiological function of modulating ion-channel activities. It may be that all of these channel modulating proteins evolved from a common ancestral gene encoding a singular ion-channel modulator whose mode of action became diverse as ion channels evolved, acquiring different functional properties.
Three-Dimensional Structure of ChTX. Upon examination of Fig. 4 , a similarity between the hydropathic patterns of ChTX and the long neurotoxins becomes evident. This can be evaluated by the method of Sweet and Eisenberg (27) , with the solvent exposure index ("1-f," normalized to a mean of FIG. 5. Modeled three-dimensional structure of ChTX. The a-carbon backbone of ChTX (green) is shown superimposed on that ofa-bungarotoxin (red). The overlap between the structures is shown in yellow, where red and green mix. The conserved disulfide bridges appear in white, while those exclusive to either a-bungarotoxin or ChTX appear in orange and blue, respectively. Both structures are assigned the equivalent a-bungarotoxin residue numbers. The amino-terminal residues ofa-bungarotoxin and ChTX are labeled N1 and N10, whereas the corresponding carboxyl termini are labeled C74 and C50, respectively. Positively charged residues (i.e., lysine, histidine, and arginine; K, H, and R, respectively) are in blue. a-Bungarotoxin coordinates were obtained from the Brookhaven Protein Data Bank (7, 8) zero and a SD from the mean of 1.0; ref. 28 ).** The correlation coefficient (rH) between ChTX and a-bungarotoxin is 0.71. The probability that this value reflects zero correlation is 9.9 x 10-8. This similarity in the solvent exposure indicates a high similarity between the tertiary structure of ChTX and the corresponding region of abungarotoxin. The three-dimensional structural similarity is also supported by analysis of the minimum mutation distance between these two sequences (29) , which is 1.03 mutations per amino acid, -6 SD from random.
Given this striking similarity between ChTX and region 10-48 of a-bungarotoxin, a model was constructed for the three-dimensional structure of ChTX based on the solved crystal structure of a-bungarotoxin (in the following discussion ofthe model, both structures are assigned the equivalent a-bungarotoxin residue number according to Fig. 4 ; therefore, the amino-and carboxyl-terminal residues of ChTX become Glu-10 and Ser-50, respectively). Fig. 5 illustrates an a-carbon plot of the ChTX model superimposed on the structure of a-bungarotoxin. A large degree of overlap (shown in yellow, where red and green mix) is evident between these two structures. The region that shares identity with ChTX includes the whole central loop and some residues of the first and third loops of a-bungarotoxin (26) . Energy minimization (32) [29] [30] [31] [32] [33] in this region of a-bungarotoxin. The most striking differences between both structures are the large C-terminal deletion of 24 residues and a further N-terminal deletion of 9 residues. These deletions have the effect of uncovering the central loop structure of ChTX. Circular dichroism spectra of the long neurotoxins reveal that these proteins contain a high proportion of (3-structure (26) . In the solved a-bungarotoxin structure, there are three strands of the polypeptide chain that adopt a triple-stranded antiparallel /3-pleated sheet conformation. Two of these strands are in the second loop, the one entirely conserved in ChTX. Furthermore, the disappearance in ChTX of the disulfide bridge equivalent to the one between residues 29 and 33 of a-bungarotoxin should enlarge this P-region, as is the case with the short neurotoxins. Hence, the relative amount of B-structure should increase substantially in ChTX. The circular dichroism spectrum of ChTX agrees with this prediction. Its maximum (195 nm) , its minimum (217 nm), and the ratio [601/[60215 (==2) are quite close to the theoretical values of poly-L-lysine in /3-conformation (33) . The percentage of /3-structure content calculated from this spectrum (34) is -70%, a value that is considerably higher than the one calculated for the long neurotoxins (26) .
In the proposed model of the tertiary structure of ChTX (Fig. 5) , there are two clusters of positively charged residues. The first is at the bottom of the central loop of the molecule. This includes three basic residues, Arg-30A, Arg-36, and Lys-38, and possibly a charged His-32, all of whose side chains are located on the same side of the molecule. The second is found at the top of the molecule and includes Lys-20, Lys-42, Lys-43, and Arg-45. There is, however, a possibility that Lys-42 forms a salt bridge with Glu-21. This hypothesis is consistent with the fact that in noxiustoxin both residues are simultaneously replaced by two noncharged amino acids. Interestingly, all residues of both clusters, except Lys-20, are on the same side of the molecule, giving ChTX a distinct charge polarity on one face vs. the other. The positively charged face might be involved in the interaction by which, as it has been proposed, ChTX blocks Ca2"-activated K+ channels (4, 35) . Obviously, the proposed model is a preliminary approach to the three-dimensional structure of ChTX. However, the findings presented in this study form a basis for developing the structure-activity relationship of the ChTX molecule and indicate that ChTX will be a useful probe for elucidating the function of Ca2+ -activated K+ channels.
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